cells. The U-1 and U-2 gB-derived AVPs showed high virucidal and antiviral activities against both HSV-1 and HSV-2. The gH-derived peptide CB-1 showed high virucidal and antiviral activities against HSV-2, while CB-2 showed similar results against HSV-1. The peptides CB-1 and CB-2 showed higher IC 50 values than the U-1 and U-2 peptides.
Health Organization, more than 3.7 billion people under 50 years of age are infected with this virus around the world [6, 7] . On the other hand, HSV-2 is the principal causative agent of genital herpes, and according to the WHO, more than 417 million people between 15 and 49 years of age are infected with this virus worldwide [8] [9] [10] , making HSV-2 infections one of the most common sexually transmitted diseases globally. Even more, it has been suggested that HSV-2-infected people may be more susceptible of acquiring HIV-1; therefore, herpetic infections an important public health issue nowadays [11] [12] [13] [14] .
The current treatment for herpetic infections is based on the use of nucleotide analogues that competitively inhibit the viral DNA polymerase [15] . Nevertheless, the emergence of an increased number of acyclovir-resistant HSV variants has been observed in recent years, especially in HIV-infected patients and immunosuppressed transplant recipients [15, 16] . Thus, the development of novel antivirals designed to block other steps of the replication cycle represents an important alternative to treat patients infected with acyclovir-resistant HSV-1 or HSV-2.
To enter their host cells, herpes simplex viruses need to fuse the viral envelope either with the plasma membrane or with the membrane of the endocytic vesicles that HSV use to enter certain cell types [17] ; in both cases, the membrane fusion step during HSV entry is mediated by 4 viral glycoproteins: gD, gB, and the heterodimer gH-gL [18] .
The first step in the HSV entry process is the interaction between gD and different molecules in the cell surface, which include the herpes virus entry mediator, nectin-1, and heparan sulfate molecules modified by 3-O sulfotransferases [18] [19] [20] . This interaction induces a conformational change in the C-terminal domain of gD (profusion domain) [21] that is sufficient to trigger membrane fusion, elegantly executed by the viral glycoproteins gB and gH-gL. The most accepted model of HSV fusion suggests that the profusion domain in gD is capable of interacting with the heterodimer gH-gL; this interaction increases the affinity of gH-gL for gB priming the latter for fusion. The conformational change in gB, induced by its interaction with gH-gL, is enough to bring the viral envelope and the cellular membrane together, resulting in the liberation of viral capsids into the cytoplasm [22, 23] .
Due to the important role of gD, gB, and gH-gL during the HSV entry process [24, 25] , these glycoproteins constitute an important target for the design of new antiviral drugs, which ideally should be able to block their ability to complete membrane fusion. Previous efforts have been made to treat herpetic infections with AVPs; hydrophobic peptides derived from gH of HSV-1 were capable of blocking the entry of HSV-1 in vitro [26] [27] [28] . Akkarawongsa et al. [29] performed a screening of a library of overlapping peptides derived from gB of HSV-1 and found different peptides that were capable of blocking herpetic infection.
In this work, 4 antiviral peptides (AVPs) derived from different regions in gB and gH of both HSV-1 and HSV-2, with the potential of blocking the protein-protein interactions essential for membrane fusion, were designed and tested for their ability to inhibit HSV infection in vitro.
Materials and Methods

Antiviral Peptide Design and Synthesis
For the design of the AVPs, the crystal structures of HSV-2 gH (3M1C) and HSV-1 gB (2 GUM) were downloaded from the Protein Data Bank [30] and analyzed with the molecular visualization system Pymol [31] to find continuous residue stretches (CRSs) of 15-25 amino acids at the surface of each glycoprotein for further analysis. Moreover, the amino acid sequences of HSV-1 gH and HSV-2 gB, were downloaded from the GenBank NCBI data base [32] and aligned with the amino acid sequences of the CRSs previously selected using PRALINE [33] . The highly conserved CRSs between HSV-1 and HSV-2 were further analyzed to determine their flexibility and charge using the ProtScale and EMBOSS servers [34, 35] . Four peptides (CB-1, CB-2, U-1, and U-2), ranging from 18-20 residues, were selected from the CRSs that met the previous criteria chemically synthetized (Invitrogen TM ).
Cells and Viruses
Vero cells were grown in Medium 199 supplemented with 10% fetal bovine serum (FBS) (Invitrogen TM ). Cells were incubated at 37 ° C in a 5% CO 2 atmosphere. Virus strains HSV-1 (MacIntyre) and HSV-2 (strain G) were both propagated in Vero cells; briefly, cells were adsorbed with a MOI of 0.001 of the virus and incubated for 30 min at 37 ° C. After the adsorption period, the inoculum was removed and fresh maintenance media was added (M199 supplemented with 1% FBS) and the infection was left to proceed until complete cytopathic effect (CPE) was observed, the lysates were clarified and titrated by the TCID 50 method.
Cytotoxicity Assay
Four-well plates were seeded with 1.25 × 10 4 Vero cells/well and incubated for 24 h at 37 ° C in a 5% CO 2 atmosphere, growth medium was removed, and cells were washed twice with PBS. The peptides were diluted at different concentrations in maintenance media (M199 supplemented with 1% FBS) and incubated with the cell monolayers for 48 h at 37 ° C in a 5% CO 2 atmosphere. After the incubation period, cell viability was evaluated by an MTT assay; briefly, a solution of MTT (1 mg/mL in PBS) was added to the cells and incubated for 5 h at 37 ° C. Later, a solution of SDS-HCl (10% SDS and 0.01 N HCl) was added to each well and incubated overnight (in the dark) at room temperature. After this period, the absorbance of each well was read at 540 nm using the using Epoch Microplate Spectrophotometer -BioTek. The toxicity percentage in Vero cells for each AVP dilution was calculated by using the following formula: [(A -B)/A] × 100, where A is the absorbance (OD 540 ) from the untreated cells and B the absorbance from the cells treated with the AVPs [36, 37] .
Virucidal Activity of the AVPs
To assess the virucidal activity of the AVPs, 150 μL of a mixture composed of 100 PFUs of either HSV-1 or HSV-2 and different concentrations of the AVPs diluted in maintenance media (M199 supplemented with 1% FBS) were prepared and then incubated for 1 h at 37 ° C. The growth media was removed from Vero cell monolayers grown to confluence on 24-well plates and then 150 μL of the virus-peptide mixture was added to each well and incubated for 30 min at 37 ° C to let the virus adsorb into the cell surface. After the incubation period, the virus-peptide mixture was removed and the cell monolayers were washed twice with PBS to remove the unbound virus and the residual AVPs. Finally, an overlay (1% agarose in M199 supplemented with 3% FBS) was added to each well and the infection was left to proceed for 3 days or until the viral control showed more than 80% of CPE. The cells were then fixed with 80% acetone in PBS and stained with crystal violet [38, 39] .
Antiviral Activity Assay
The antiviral activity of the AVPs was measured by means of a cell viability assay. Briefly, 4-well plates were seeded with 1.25 × 10 4 Vero cells/well and incubated for 24 h at 37 ° C in a 5% CO 2 atmosphere. After the incubation period, the growth media was removed from the cells and 100 TCID 50 of either HSV-1 or HSV-2 were adsorbed into the cell monolayers for 2 h at 4 ° C. After the adsorption period, the inoculums were removed and the cells were washed twice with cold PBS to remove the unbound virus. Afterwards, the AVPs diluted in maintenance media (M199 supplemented with 1% FBS) were added to each well and incubated for 2 h at 37 ° C to allow virus entry. Then the peptide dilutions were removed and fresh maintenance media (M199 supplemented with 1% FBS) was added to the cells, which were incubated for 3 days at 37 ° C or until more than 80% of CPE developed in the viral controls. Cell viability of each well was determined by an MTT assay as previously described. The absorbance was directly proportional to the number of living cells in culture. The percentage of protection of each peptide was calculated according to the following formula: [(A -B)/(C -B)] × 100, where A is the absorbance of the AVP-treated infected cells, B is the absorbance of the viral control, and C is the absorbance of the cell control [40] .
Results
Design of AVPs
The regions of gH and gB that were used for the design of the AVPs were selected taking into account the following parameters: they should derive from CRSs of 15-25 amino acids found on the exposed surfaces of both glycoproteins (gH and gB), they should have an identical amino acid composition between HSV-1 and HSV-2, be highly flexible, and possess more than 7 charged residues in their amino acid sequence.
The search for CRSs in the crystal structures of gH of HSV-2 and the gB of HSV-1 revealed 5 CRSs in the exposed surfaces of gH and 8 on the exposed surfaces of gB ( Table 1 ) . To increase the possibility that the AVPs were capable of blocking the infection by both HSV-1 and HSV-2, only those CRSs that showed high amino acid conservation between gH and gB of both viruses were selected for further analysis. Surprisingly, all the CRSs that were initially selected met this criterion, so none of them was discarded. Flexible regions and charged residues are more likely to be involved in protein-protein interactions, so the next parameters considered to select the CRSs that were used for the design of the AVPs were their flexibility and their number of charged residues. Only 2 CRSs for gH and 3 for gB were found to be highly flexible ( Table 1 ) . Finally, when the number of charged residues of the CRSs was considered (more than 7 charged amino acid residues), only 2 CRSs for gH and 2 for gB ( Table 1 ) were selected and used for the design of the AVPs (final sequences listed in Table 1 ).
Cytotoxicity of the AVPs
The cytotoxicity of the 4 AVPs previously designed, 2 derived from gH (CB-1 and CB-2) and 2 derived from gB (U-1 and U-2), were evaluated in Vero cells ( Fig. 1 ) . None of the peptides had a significant effect over cell viability at any of the concentrations tested (0-100 μ M ).
Virucidal Activity of the Antiviral Peptides
The antiviral peptides derived from gB (U-1 and U-2) can reduce the infectivity of both HSV-1 and HSV-2 when they were preincubated with the viral particles, showing a reduction of more than 80% with a concentration of 100 μ M of each peptide ( Fig. 2 a, b) . However, both peptides derived from gH (CB-1 and CB-2) have a differential activity against HSV-1 and HSV-2 ( Fig. 2 c, d ). The virucidal activity of the peptide CB-1 is relatively low against both viruses (not more than 50%) at the highest concentration tested (100 μ M ). Nevertheless, the virucidal activity of the CB-2 peptide is greater for HSV-1, causing a reduction on the infectivity of this virus of more than 90%, but its activity is limited against HSV-2.
Antiviral Activity of gB-Derived AVPs
Both AVPs derived from gB (U-1 and U-2) showed antiviral activity against HSV-1 and HSV-2, but the U-1 peptide was more effective against both viruses, achieving more than 80% protection at a concentration 6.25 μ M . In 3 . Antiviral activity of gB-and gH-derived AVPs. Approximately 100 TCID 50 of either HSV-1 or HSV-2 were added to confluent Vero cell monolayers grown on 96-well plates and allowed to adsorb for 2 h at 4 ° C. After the adsorption period, the inoculums were removed and the cells were washed twice with cold PBS to remove the unbound virus. The diluted AVPs were added to each well and incubated for 2 h at 37 ° C to allow virus entry. The viruspeptide mixture was removed and the infection was left to proceed for 72 h. a Antiviral activity of the gB-derived peptides against HSV-1. b Antiviral activity of the gB-derived peptides against HSV-2. c Antiviral activity of the gH-derived peptides against HSV-1. d Antiviral activity of the gH-derived peptides against HSV-2. Data are expressed as percent of protection, calculated as described in Materials and Methods. The arithmetic means and standard deviations of 3 independent experiments performed in duplicate are shown.
contrast, the U-2 peptide seemed to be less effective against both viruses showing the same amount of protection at a higher concentration (50 μ M ) ( Fig. 3 a, b) . Our results also suggest that the antiviral effect of both of the gB-derived peptides may be taking place at a postbinding step since the viral particles were preadsorbed into the cells before the addition of the peptides.
Antiviral Activity of gH-Derived AVPs
The AVPs derived from gH (CB-1 and CB-2) showed a differential antiviral activity against HSV-1 and HSV-2. The CB-1 peptide achieved less than 60% protection against HSV-1 at the highest concentration tested (500 μ M ); in contrast, the same peptide induced more than 90% protection against HSV-2 at a concentration of 250 μ M ( Fig. 3 c, d ). On the other side, CB-2 showed more than 90% protection against HSV-1 ( Fig. 3 c) at the highest concentration tested (500 μ M ), but less than 40% of protection at the same concentration for HSV-2.
In comparison to the gB-derived peptides, the gH-derived peptides are less efficient in blocking the infection by HSV-1 and HSV-2. Moreover, none of the gH-derived peptides was capable of blocking the infection by both viruses. Furthermore, higher concentrations of the gHderived peptides, CB-1 and CB-2, are required to produce the same amount of protection observed for the gB-derived peptides, U-1 and U-2 ( Fig. 3 ) .
Discussion
Enveloped viruses need to fuse their viral envelope either with the plasmatic membrane or with endosomal membranes in order to successfully deliver the viral capsid into the cell cytoplasm, a crucial event for several viruses that allows the beginning of their replication cycle [41] . For herpes simplex viruses, the viral entry process takes place with the aid of 4 viral glycoproteins: gD, gB, gH, and gL, all of which have been proven to be essential for these viruses to carry out membrane fusion [42] .
The initial step during HSV entry is the interaction between gD and one of the several cellular receptors that have been described to date, which include the herpes virus entry mediator and several members of the nectin superfamily [43] , amongst others. This interaction triggers a conformational change in gD, which has been proposed to be important for the activation of the gH-gL complex [44] . Once activated, this complex could then activate gB, which is considered to be the executor of membrane fusion [45, 46] . Due to their importance for HSV entry, the proteinprotein interactions that take place between the different viral glycoproteins that execute membrane fusion are a good target for the design of novel antivirals that could specifically block these interactions to block virus entry.
The design of the antiviral peptides took into account several criteria that have been observed to be important for protein-protein interactions. In the first place, a search for exposed CRSs between 15 and 25 amino acids was carried out, taking into account that the exposed surfaces of proteins are most likely to be involved in protein-protein interactions and that for other viruses, like Dengue and influenza A viruses, neutralizing antibodies have been shown to bind exposed surfaces of the viral glycoproteins that are essential for viral entry [47, 48] .
To refine the AVP selection, the amino acid conservation of these CRSs between HSV-1 and HSV-2 was taken into account. Interestingly, these CRSs had high amino acid conservation in the gH and gB of both viruses, suggesting that they might be involved in a common process for both viruses. Flexibility was the third criteria taken into account for the design of the AVPs since flexible regions of proteins are usually involved in protein-protein interactions [49] . Finally, only those CRSs with more than 7 charged residues were selected since electrostatic interactions play a major role in protein-protein interfaces [50] .
Two antiviral peptides derived from each glycoprotein were selected. Interestingly, the 2 peptides derived from gB showed the highest efficiency to inhibit the infection by HSV-1 and HSV-2, in both virucidal assays and antiviral activity assays. We hypothesize that the gB-derived peptides might interact with upstream components of the entry cascade. Since the interactions between gH-gL are necessary to trigger gB for membrane fusion, these peptides might be acting as competitive inhibitors, preventing the activation of gB [46] . Surprisingly, the gH-derived peptides showed a differential activity against HSV-1 and HSV-2, even though the sequence homology between the gH of both viruses was considered in the design. We believe that these peptides may be interacting with glycoprotein D, which is the least conserved protein between both viruses (85%) and is responsible for the activation of the heterodimer gH-gL [42, 51] .
The virucidal activity shown by the AVPs suggests that there might be a direct interaction between the peptides and the viral particles, but whether the peptides can interact with the viral envelope proteins and which proteins might be affected by this interaction still needs to be determined. We also demonstrated that the AVPs could still affect the infection process once the virus has been ad-sorbed in the viral membrane, which suggests that the antiviral activity of the peptides occurs at a postbinding step. The exact moment during the viral entry cascade that is affected by the peptides or if the peptides affect postentry events is now being elucidated.
Here we demonstrate that HSV glycoproteins involved in the entry process might be a good target for the design of antiviral molecules, specifically small peptides that could act as competitive inhibitors to prevent herpetic infections. We are currently working to reduce the effective concentrations of the peptides proposed in this study, either by chemical modification or by their attachment to different types of dendrimers.
